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We examined the inﬂuence of bilingual experience and inhibitory control on the ability to
learn a novel language. Using a statistical learning paradigm, participants learned words
in two novel languages that were based on the International Morse Code. First, partici-
pants listened to a continuous stream of words in a Morse code language to test their
ability to segment words from continuous speech. Since Morse code does not overlap in
form with natural languages, interference from known languages was minimized. Next,
participants listened to another Morse code language composed of new words that con-
ﬂicted with the ﬁrst Morse code language. Interference in this second language was high
due to conﬂict between languages and due to the presence of two colliding cues (com-
pressed pauses between words and statistical regularities) that competed to deﬁne word
boundaries. Results suggest that bilingual experience can improve word learning when
interference from other languages is low, while inhibitory control ability can improve word
learning when interference from other languages is high. We conclude that the ability to
extract novel words from continuous speech is a skill that is affected both by linguistic
factors, such as bilingual experience, and by cognitive abilities, such as inhibitory control.
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INTRODUCTION
Learning a new language is a complex task comprised of mas-
tering novel phonology, vocabulary, and grammar. Acquisition in
adults occurs gradually, and even after years of practice many do
not achieve native-like levels of pronunciation (Baker and Troﬁ-
movich,2005;Sebastian-Gallésetal.,2006)orgrammaticalknowl-
edge(JohnsonandNewport,1989;DeKeyser,2005;MacWhinney,
2005). Even when adults are able to develop adequate vocabulary
skills in a new language (Van Hell and Mahn, 1997; Lotto and
De Groot, 1998), they often experience initial difﬁculty forming
strong associations between a novel word’s lexical form and its
meaning (Kroll and Stewart, 1994; Kroll et al., 2002). An impor-
tant component of learning success is early acquisition of word
form, since focusing on learning isolated word forms ﬁrst can
contribute to subsequent learning of words’meanings (Bogaards,
2001; Graf Estes et al.,2007; Mirman et al.,2008; Fernandes et al.,
2009). Acquisition of words and their forms has previously been
explored by manipulating the learner’s input, and it has been
shown that variables such as repeated exposure to speciﬁc words
(Nation, 2001; de Groot, 2006) and reduced speaking rates (Fer-
guson,1975) can improve acquisition. In addition,characteristics
of the learner may also contribute to successful acquisition. For
example, experience with multiple languages has been associated
withimprovedlearningof words’form-meaninglinks(Cenozand
Valencia, 1994; Sanz, 2000; Cenoz, 2003; Keshavarz and Astaneh,
2004;KaushanskayaandMarian,2009b),andthislearningadvan-
tagemayariseinpartfrombetterinitialacquisitionof wordform.
Similarly, inhibitory control (the ability to suppress competing
representations and attend to relevant ones) appears to inﬂuence
learning (Kaushanskaya and Marian,2009a) and processing (Bar-
tolotti and Marian, 2010) of novel words, and may affect form
acquisition. In the present study, we examined how early learning
ofwordformsisaffectedbycharacteristicsofthelearner,including
linguistic experience (in the form of bilingualism) and cognitive
ability (in the form of inhibitory control).
Learningtheformsof novelwordsisaidedbyfrequentencoun-
ters with those words (Osterhout et al., 2006). McLaughlin et al.
(2004) found that the best predictor of word familiarity was how
frequently that word had appeared during previous instruction.
Language learners who study abroad in immersive second lan-
guage environments encounter speciﬁc novel words during daily
exposure more often than students who do not, and as a result
showgreatergainsinproﬁciency(Freed,1995).Thebeneﬁtsoflan-
guage immersion arise both from reduced exposure to the native
language (Levy et al.,2007; Linck et al.,2009),and from increased
exposure to words in the new language (Kojic-Sabo and Light-
bown, 1999; Perani et al., 2003). Increased exposure to the new
language can strengthen the representations of recently acquired
words and introduce the learner to novel words more frequently.
Novelwordsencounteredwhilelisteningtospeechcanbeacquired
incidentally and can increase vocabulary knowledge considerably.
Incidental learning can be accomplished by using the statistical
regularities in speech to determine the boundaries of novel word
forms. Sounds that co-occur often are likely to comprise part of a
singleword,whereasraresoundsequencesarelikelytomarktran-
sitions between words. For example, in the phrase “pretty baby,”
listenersaresensitivetothefactthat“pre”followedby“ty”ismore
likely to occur than “ty” followed by “ba,” since “pretty” can be
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followed by any number of other words. Both infants and adults
are able to track this statistical information and use it to iden-
tify novel word forms in an unfamiliar language (Saffran et al.,
1996, 1999; Ludden and Gupta, 2000; Theissen and Saffran, 2003;
Newport and Aslin, 2004; Kovács and Mehler, 2009).
This ability to learn novel forms in a new language via statisti-
cal regularities may be indirectly improved by previous bilingual
experience.Oneof theconsequencesof bilingualismforcognition
is improved phonological working memory (Service et al., 2002;
Majerus et al., 2008; Adesope et al., 2010), as a result of acquir-
ing and processing a large vocabulary that encompasses multiple
languages. High phonological working memory has been associ-
ated with gains in statistical learning of word forms (Misyak and
Christiansen,2007),suggestingthatbilingualismmayimprovesta-
tistical learning through its inﬂuence on phonological working
memory. Phonological working memory can be used to maintain
large chunks of speech in memory long enough for the transitions
between syllables to be compared. In addition, working memory
mayhelptoupdatetherelativefrequencyof differentsyllabletran-
sitions. Based on the transitional probabilities, likely word candi-
dates can be identiﬁed and transferred from working memory to
long-term memory. Due to gains in phonological working mem-
ory,bilinguals should thus outperform monolinguals in statistical
learning of word forms in a novel language.
Learning word forms in a new language may also be inﬂu-
enced by level of inhibitory control. When a new language and a
known language conﬂict, interference from the known language
may be particularly detrimental to learning, since the two lan-
guages are tightly integrated at early stages of learning (Kroll and
Stewart, 1994). Since known languages are highly practiced, they
can activate more easily than a new language,resulting in learners
over-applying transitional probabilities, pronunciations, or rules
fromtheirnativelanguagetothenewlanguage,evenwhenthetwo
are in conﬂict (Murphy, 2003). For example, the French posses-
sive “de” occurs before many other French words and thus often
marks a word boundary, whereas the same syllable in English is
commonly used at the beginning of words and rarely indicates
a word boundary. An English-speaking learner of French, then,
may not attend to novel words following“de,”as this syllable was
not a reliable English word boundary cue. By over-applying rules
for English word transitions, the learner’s acquisition of French
word forms may progress at a slower rate. By using inhibitory
control to suppress the non-target language, interference from
conﬂicting native-language constructs can be reduced. With less
interference, word boundaries in a new language may be easier to
learnandspeechsegmentationmaybeimproved.Indeed,effective
inhibitory control has previously been shown to beneﬁt word seg-
mentation when conﬂicting information present during learning
had to be suppressed (Weiss et al.,2010).
To examine the distinct contributions of bilingual experience
and inhibitory control on word segmentation, we tested partici-
pants who varied in bilingual experience and level of inhibitory
control on their ability to learn languages that were based on
the International Morse Code. In Morse code, all information
is conveyed rhythmically by changes in duration of pure-tone
sequences and silences. A beneﬁt of using Morse code is that
it is sufﬁciently difﬁcult to learn and therefore can discriminate
learners from non-learners. An additional beneﬁt of using Morse
code is that it does not overlap with any languages participants
knew and avoids favoring speakers of one language over another.
This low overlap with participants’ known languages enabled us
to create an experimental condition in which interference was low
and learning required detecting statistical regularities within the
Morse stream, but did not require inhibiting competitive inter-
ference from known languages. Because the inhibitory demands
were reduced, the low-interference condition allowed us to assess
whether bilingual experience has an effect on incidental learning
of word forms from speech, independent of inhibitory control
ability.
In addition to the low-interference condition,we also designed
a second, high-interference condition to assess the inﬂuence of
inhibitory ability on word segmentation. The words in this sec-
ond, high-interference condition conﬂicted with the previously
learned words in the low-interference condition. Additionally,
a colliding cue to word boundaries that conﬂicted with the
transitional probabilities between words was inserted to create
interference within the new language itself (Weiss et al., 2010).
Weiss et al. (2010) showed that when two sets of word bound-
ary cues were equally salient, participants with strong inhibitory
control were able to selectively attend to one set of cues and
learn the words. Although the source of the conﬂict in their
study was within the target language instead of across two lan-
guages, inhibitory control may similarly improve learning when
the locus of interference is between a known language and a new
language. Learning in our high-interference condition depended
on selectively attending to one of the two sets of word bound-
ary cues (by inhibiting the other), as in Weiss et al. (2010), but
also required participants to suppress competing Morse code
words that were previously learned in the low-interference condi-
tion. This second, high-interference condition therefore enabled
us to examine the inﬂuence of inhibitory ability on word seg-
mentation in contexts where learners have to reduce interference
from conﬂicting linguistic information both within and across
languages.
To summarize, in the present study, we examined the distinct
contributions of bilingual experience and inhibitory control on
word segmentation. Participants who varied in bilingual expe-
rience and level of inhibitory control were taught Morse code
words ﬁrst in a low-interference condition and then in a high-
interferencecondition.Thelow-interferenceconditionplacedfew
demands on inhibition; in this condition, high bilingual experi-
ence was expected to contribute to successful word segmentation.
The high-interference condition placed high demands on inhibi-
tion; in this condition,inhibitory ability was expected to promote
successful word segmentation.
MATERIALS AND METHODS
PARTICIPANTS
Twenty-four Northwestern University students (Mean age=
21.6years, SD=2.23) participated for course credit. All partici-
pants provided informed consent in accordance with the North-
western University IRB. Participants completed the Language
ExperienceandProﬁciencyQuestionnaire(LEAP-Q;Marianetal.,
2007) to provide information about language proﬁciency, age of
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acquisition,andfrequencyof languageuse.Languagesrepresented
as participants’ dominant language included English (N =20),
Korean(N =1),andChinese(N =1).Secondlanguagesreported
included Spanish (N =7), Chinese (N =4), English (N =2),
French (N =1), Gujarati (N =1), Korean (N =1), and Tamil
(N =1); ﬁve participants reported no meaningful second lan-
guage experience. A breakdown of language knowledge by group
is provided in Table A1 in the Appendix. Based on participants’
reported L2 proﬁciency, L2 age of acquisition, and L2 frequency
of use, a composite score of bilingual experience was computed.
L2proﬁciency,L2ageof acquisition,andL2frequencyof usewere
transformed to Z-scores for each participant based on the group
mean and SD, and the average of these three scores was used as
a composite measure of overall bilingual experience. Participant
characteristics are presented in Table 1.
A version of the Simon task (Simon and Small, 1969) was
usedtoassessparticipants’inhibitorycontrolability.Mediansplits
were used to separate participants into high/low bilingual expe-
rience groups based on the bilingual experience composite, and
strong/weak inhibitory control based on the size of the Simon
effect (median: 33.24ms). High and low bilingual experience
groups did not differ in age, performance IQ (block design and
matrixreasoningsubtestsoftheWeschlerAbbreviatedScaleofIntel-
ligence; PsychCorp,1999),working memory (digit span subtest of
the Comprehensive Test of Phonological Processing; Wagner et al.,
1999), or inhibitory control ability. Strong and weak inhibitory
control groups did not differ in age, performance IQ, working
memory, L2 proﬁciency, L2 age of acquisition, or L2 frequency
of use.
Inhibitory control as assessed by the Simon task was not cor-
related with the bilingual experience composite (p =0.50) or any
of its components (L2 proﬁciency, p =0.09; L2 age of acquisi-
tion, p =0.84; L2 frequency of use, p =0.73), allowing the effects
of bilingual experience and inhibitory control on learning to be
considered separately. The lack of a correlation was not unex-
pected; bilingual advantages in inhibitory control are frequently
observed in children (Bialystok and Martin, 2004; Carlson and
Meltzoff,2008) and older adults (Bialystok et al.,2004; Salvatierra
and Rosselli, 2011), but results are mixed in younger adults who
are in their cognitive prime. In particular, certain tasks of exec-
utive functioning, such as Stroop and the Attentional Network
Test, commonly reveal bilingual advantages in young adults (Bia-
lystok et al., 2008; Costa et al., 2008; Tao et al., 2011). Other
executive functioning tasks, such as the Simon task, are reliable
predictors of word segmentation in the presence of conﬂicting
cues (Weiss et al., 2010), but do not appear to be robustly dri-
ven by bilingual experience (Bialystok et al.,2005;Bialystok,2006;
Prior and MacWhinney, 2010; Blumenfeld and Marian, 2011;
Hilchey and Klein, 2011). In the present study, because vari-
ability in bilingual experience was not related to variability in
inhibitory control, it was possible to examine the separate effects
of these two factors on learning to segment words in a novel
language.
MATERIALS
Two artiﬁcial languages were created based on the International
MorseCodealphabet.InMorsecode,lettersarecomposedofcom-
binations of short tones, or “dots” (440Hz for 100ms) and long
tones, or “dashes” (440Hz for 300ms). Two letters (E /./ and T
/-/) are made up of a single tone each, and four letters (A /.-/, I
/../,N /-./,and M /--/) are made up of two tones in sequence.
Whenasinglelettercontainedtwotones,thetoneswereseparated
by a short 100ms pause. When multiple letters were combined to
form a single word, the letters were separated by a longer 300ms
pause, so that the multi-tone letters (i.e., I, A, N, and M) could
still be perceived as distinct groupings (without this distinction in
pauselengths,thelettersequence“ET”wouldbeindistinguishable
from the single letter “A”). By using all six letters (A, E, I, N, M,
T), three words were created for each of two languages such that
the length of each word was a constant 1100ms,and no letter was
used twice (See Figure 1).
Morse code training streams were created for each language
with two restrictions: A word could not immediately follow itself,
and each word was followed by the other two words an equal
number of times. Since the ﬁrst letter of each word perfectly pre-
dicted the second letter,transitional probability within words was
Table 1 | Means and SD (in parentheses) for participant characteristics.
All participants Low bilingual experience High bilingual experience Weak IC Strong IC
N 24 11† 11
†
12 12
Females 20 10 8 11 9
Age (years) 21.61 (2.23) 22.09 (2.47) 21.18 (2.09) 22.00 (2.61) 21.25 (1.86)
WASI (performance IQ) 110.17 (12.51) 108.91 (12.45) 110.73 (13.46) 110.75 (13.53) 109.55 (11.92)
Digit span (raw score) 16.71 (2.48) 17 .00 (2.41) 16.09 (2.66) 17 .42 (2.23) 16.00 (2.59)
L2 Proﬁciency (scale 0–10) 4.50 (3.28) 2.23*** (2.57) 6.77*** (2.16) 4.10 (2.84) 4.91 (3.77)
L2 AoA (years) 7 .88 (5.05) 12.33** (1.51) 5.45** (4.61) 9.22 (4.44) 6.38 (5.55)
L2 Frequency of use (%) 12.09 (17 .40) 1.00** (2.00) 23.18** (19.01) 14.18 (21.25) 10.00 (13.23)
Simon effect (ms) 33.82 (25.11) 36.48 (28.75) 28.86 (22.43) 53.04*** (16.88) 14.60*** (4.87)
Low and High Bilingual Experience groups were deﬁned by a median split on a composite score of L2 Proﬁciency, L2 AoA, and L2 Frequency of use.Weak and Strong
Inhibitory Control groups were deﬁned based on a median split of the size of the Simon effect.
IC, inhibitory control;WASI,Weschler abbreviated scale of intelligence; L2, second language; AoA, age of acquisition.
†Group sizes are lower in the high/low bilingual
experience comparison because language data were not available for two participants.
∗∗p<0.01 between groups,
∗∗∗p<0.001 between groups.
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a constant 1.0. Since each word could be followed by either of the
two other words, the between-word transitional probability was a
constant 0.5. The training stream in the low-interference condi-
tion had a 300-ms long pause inserted between words, identical
to the long pause that separated letters within a single word. To
learn the words, participants would have to attend to the tran-
sitional probabilities within and between words. For example,
the continuous stream TAEMTANI can be segmented as TA–
EM–TA–NI based on the transitional probabilities between letters
(see Figure 2A). In contrast, in the high-interference condition,
the long pause between words was replaced with a 100ms short
pause. The 300ms long pause that remained within words could
be used as a salient grouping cue to identify words in the stream.
FIGURE 1 |The Morse code words used in the two languages. Long
tones, or dashes, are 300ms long, and short tones, or dots, are 100ms
long. Numbers in parentheses indicate the length of the pause, either 100
or 300ms. Short pauses separate tones within a letter, and long pauses
separate letters within a word.
FIGURE 2 | Morse code listening streams in the low and
high-interference conditions.The dots and dashes represent short
(100ms) and long (300ms) tones respectively, while the short and long
gaps represent silences of 100 and 300ms respectively. In the
low-interference condition (A), words are marked by statistical probabilities
between letters (the transitional probability within words is 100%, e.g.,T is
always followed by A, but the transitional probability between words is
50%, e.g., A is followed by either E or I). In the high-interference condition
(B), the gap between words is reduced, and the statistically deﬁned words
(TA, EM, IN) compete with words deﬁned by the long pauses (AE, MT, AI,
as well as MI, NT, NE). Each participant was exposed to both the low- and
high-interference conditions.The order of the two conditions was ﬁxed,
with the low-interference condition always occurring ﬁrst, but the language
used in each condition was counterbalanced across subjects. In the
example above, the same language is shown in both the low-interference
condition and the high-interference conditions in order to highlight the
difference between conditions.
If participants ignored the different pause lengths,they would still
be able to learn the words based on the transitional probabilities,
as in the low-interference condition. If instead participants used
the pause lengths as a cue to word boundaries, they would learn a
differentsetof wordsthanthosedeﬁnedbythetransitionalproba-
bilities. There were thus two colliding cues to word boundary: the
between-wordtransitionalprobabilities(asinthelow-interference
condition),andthepause-basedcues(seeFigure2B).Tolearnthe
words, participants would have to inhibit one of the two word
boundary cues and attend to the other.
PROCEDURE
The Morse code language associated with each condition was
counterbalanced across participants, so that half of the partici-
pants heard Language 1 for the low-interference condition and
Language 2 for the high-interference condition, while the other
half of the participants heard Language 2 for the low-interference
condition and Language 1 for the high-interference condition.
The order of the two conditions was ﬁxed, with all participants
completing the low-interference condition ﬁrst, followed by the
high-interference condition. This was done to ensure that no pre-
viously learned Morse code words could compete with targets
during the low-interference condition. Learned words would then
have to be inhibited during the following high-interference con-
dition,increasingtheinhibitorydemandsof thehigh-interference
condition.
At the beginning of each learning condition, participants were
instructed to listen to a series of tones and were told that they
would be tested on information about the tones later. Participants
woreheadphonesandlistenedtotheMorsecodestreamoverthree
blocks, each 4min and 12s long. Participants received a 1-min
silent break between blocks.
Immediately after the third training block, participants were
tested on their knowledge of the language with a 12-item two-
alternative forced-choice task. Participants were instructed to
indicate which of two Morse code words was more familiar by
pressing the “1” (ﬁrst word) or “9” (second word) key on a com-
puter keyboard. Word pairs were presented with a 1-s pause
between words, and a 4-s pause between trials. Each of the three
words was presented in four trials: twice before and twice after
two different part-words. Part-words were created by concate-
nating the second letter from one word with the ﬁrst letter of
another word, and had appeared in the listening stream half
as often as the actual words. In the high-interference condi-
tion, the part-words were words that could have been learned
by using pause-based cues instead of statistical cues. Accuracy
scoreswereobtainedandnormalizedtochanceperformance,with
a score of 0 indicating 6 out of 12 correct (where correct meant
selecting the statistically deﬁned word). Positive scores indicated
learning of the statistical probabilities. In the high-interference
condition, negative scores indicated learning of the pause-based
rules.
AllparticipantsalsocompletedavisualSimontask(Simonand
Small,1969;Weiss et al.,2010) to index inhibitory control. Partic-
ipantsviewedblueandbrownrectanglesthatappearedontheleft,
right,orcenterof acomputerscreenandselectedaresponsebased
on the item’s color, while ignoring its location. The instructions
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were to press a blue button on the left side of the keyboard if the
rectangle was blue,or to press a brown button on the right side of
the keyboard if the rectangle was brown. In Congruent trials, the
stimulus and the response were on the same side (e.g., a blue rec-
tangleontheleftsideofthescreen).InIncongruenttrials,stimulus
and response were on opposite sides (e.g., blue rectangle on the
right side of the screen). In Neutral trials, the stimulus appeared
in the center of the screen. Congruent, Incongruent, and Neutral
trialsappearedinanequalratio(42trialseach,126total).Asingle
trial involved (1) a ﬁxation cross for 350ms,(2) a blank screen for
150ms, (3) a colored rectangle for 1500ms, (4) in the event of an
error,a red“X”as feedback for 1500ms,and (5) a blank screen for
an850msinter-trialinterval.Allparticipantscompletedapractice
session before the actual task. The Simon effect was calculated by
subtracting reaction time on Congruent trials from reaction time
on Incongruent trials. A small Simon effect indicates better abil-
ity to ignore the inconsistent location cue, and strong inhibitory
control.
RESULTS
WORD LEARNING IN THE LOW-INTERFERENCE CONDITION
When interference during learning was low, bilingual experi-
ence positively inﬂuenced word learning ability, whereas level
of inhibitory control did not inﬂuence learning (Figure 3). The
high bilingual experience group performed signiﬁcantly better
than chance (M =2.41, SD=2.01), t(10)=3.98, p <0.01, while
the low bilingual experience group did not differ from chance
(M =1.09, SD=2.34), p =0.15, indicating that the high bilin-
gual experience group was able to learn the Morse code words.
The same pattern of results was observed when each factor in the
bilingual experience composite was considered separately, that is,
when participants were divided into two groups based on median
splits in L2 proﬁciency, L2 age of acquisition, or L2 frequency of
use.Boththestrong(M =1.79,SD=2.46),t(11)=2.52,p <0.05,
andweak(M =1.92,SD=1.98),t(11)=3.36,p <0.01,inhibitory
control groups performed above chance,indicating that they were
able to learn the Morse code language.
Learningwasnotcorrelatedwithbilingualexperience,p =0.76,
L2ageofacquisition,p =0.40,orL2frequencyofuse,p =0.55,but
was marginally correlated with L2 proﬁciency, r =0.40, p =0.06
FIGURE3|E f f ects of second language proﬁciency and inhibitory
control on learning the new language in the low-interference
condition. (Asterisks indicate a signiﬁcant difference from chance, alpha of
0.05. Error bars indicate 1 SE).
(Figure 4). Inhibitory control ability was not correlated with
learning,p =0.37.
WORD LEARNING IN THE HIGH-INTERFERENCE CONDITION
When interference during learning was high, strong inhibitory
control increased word learning, but bilingual experience did not
(Figure 5). In this condition, positive scores above chance indi-
cate learning of the words based on statistical cues,while negative
scoresbelowchanceindicatelearningof thewordsbasedonpause
cues. Participants with strong inhibitory control performed sig-
niﬁcantly below chance, indicating that they learned according to
the pause cues (M =−1.18, SD=1.60), t(10)=−2.45, p <0.05,
whileparticipantswithweakinhibitorycontroldidnotdifferfrom
chance (M =0.58, SD=1.73), p =0.27. No consistent pattern of
learning was observed when bilingual experience was considered;
neitherthehighbilingualexperiencegroup(M =0.18,SD=2.14;
p =0.78), nor the low bilingual experience group (M =−0.55,
FIGURE 4 | Relationship between second language proﬁciency and
learning of word forms in the low-interference condition.
FIGURE5|E f f ects of second language proﬁciency and inhibitory
control on learning the new language in the high-interference
condition. Positive scores indicate learning of statistical cues and negative
scores indicate learning of pause cues. (Asterisks indicate a signiﬁcant
difference from chance, alpha of 0.05. Error bars indicate 1 SE).
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SD=1.57), p =0.28 differed from chance. In addition, when
each factor in the bilingual experience composite was considered
separately, no group performed better than chance.
Inhibitory control was correlated with learning success,
r =0.47,p <0.05 (Figure6),while bilingual experience,p =0.94,
L2 proﬁciency, p =0.99, L2 age of acquisition, p =0.86, and L2
frequency of use,p =0.75 were not correlated with learning.
DISCUSSION
Learningwordsinanewlanguageisamulti-stepprocessinvolving
the acquisition of new word forms and of mapping these acquired
word forms to meaning. While previous research suggests that
bilingualism improves learning of form-meaning mappings in
another language (Cenoz and Valencia, 1994; Sanz, 2000; Cenoz,
2003; Keshavarz and Astaneh, 2004; Kaushanskaya and Marian,
2009b), in the current study we found that bilingual experience
can improve acquisition of word forms alone when interference
between languages is low. In addition, we showed that inhibitory
control promoted successful word segmentation when there were
competing cues to word boundaries both within and across lan-
guages. Successful acquisition of word forms has previously been
shown to be one factor that contributes to later stages of word
learning (e.g., mapping form to meaning, Graf Estes et al., 2007;
Mirman et al., 2008) and increases the rate at which vocabulary
is expanded (Bogaards, 2001). During natural language learning,
bothbilingualexperienceandinhibitorycontrolmaycontributein
differentdegreestoearlyacquisitionofnovelwordforms(depend-
ingonthecharacteristicsofthelanguagetobelearned),whichmay
beneﬁt the process of learning a novel language.
High bilingual experience was associated with successful seg-
mentation of Morse code word forms from a continuous auditory
stream with consistent cues to word boundaries. In order to learn
the word forms in the low-interference condition, participants
had to analyze the transitional probabilities between sounds and
extract the most commonly occurring sequences. This ability to
FIGURE 6 | Relationship between inhibitory control (assessed by the
Simon task) and learning of word forms in the high-interference
condition.
analyze probabilities may depend in part on phonological work-
ing memory,which has previously been associated with improved
statistical learning (Misyak and Christiansen, 2007). Extensive
bilingual experience has been associated with gains in phonolog-
ical working memory (Service et al., 2002; Majerus et al., 2008;
Adesope et al., 2010), which may have contributed to bilinguals’
ability to learn the words. It is possible that bilinguals used work-
ingmemorymoreeffectivelythanmonolingualstomaintainlarge
chunks of the auditory sequence for statistical analysis. Work-
ing memory could also contribute by updating the frequencies of
speciﬁc transitions over time, and by facilitating the transfer of
newly detected words to long-term memory. By effectively apply-
ing phonological working memory to the statistical learning task,
bilinguals may have been able to better extract and retain novel
word forms.
Statistical learning is itself a measure of implicit learning abil-
ity, as participants are typically not aware of having consciously
learned any of the words. Bilinguals’ improved performance on
the statistical learning task is thus consistent with observed bilin-
gual advantages on language learning tasks that rely heavily on
implicit learning (Klein, 1995; Kovács and Mehler, 2009). For
example, Nation and McLaughlin (1986) found that proﬁciency
in multiple languages improved learning of an artiﬁcial gram-
mar when participants did not explicitly attend to the gram-
matical rules, but acquired them implicitly during the course of
learning novel words. As a consequence of acquiring the words
and grammar of multiple languages, bilinguals may develop a
more effective implicit learning mechanism than monolinguals.
This increased efﬁciency could contribute to bilinguals’improved
incidental learning of word forms while listening to speech.
In contrast to bilinguals’ performance in the low-interference
condition,inthehigh-interferencecondition,bilingualexperience
had no effect on word segmentation success. One possibility for
thelackof learningisthatboththosewithlowandthosewithhigh
bilingual experience may have been unable to consistently attend
to either the statistical or pause-based cues. If participants shifted
attentionbetweenthetwocuesduringtraining,thenattestneither
the statistically deﬁned words nor the pause-deﬁned words would
be more familiar and performance would remain at chance.Alter-
natively, it may be that bilingual experience improves efﬁciency
of integrating multiple cues. Given that most languages use cor-
related cues to word segmentation and relatively few contrasting
cues (Christiansen et al., 2005; Sahni et al., 2010), when cues are
notcorrelated(aswasthecaseinthehigh-interferencecondition),
this ability to integrate cues may be a drawback. Learning in the
high-interference condition required that participants attend to a
singlesetofcuesandsuppresstheother;bilingualsmayhaveeither
been unable to attend to either cue, or attended to and integrated
both cues.
Participants with strong inhibitory control were able to selec-
tively attend to a single set of cues in the high-interference condi-
tion,suggestingthatinhibitorycontrolcanalsocontributetoword
segmentation ability. In the high-interference condition, conﬂict
occurred due to both incongruent word boundaries between
the two Morse code languages across blocks, and colliding cues
to word boundary within the listening stream. Learning word
boundaries in the high-interference condition required one to
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ignore recently learned transitional probabilities from the low-
interference condition, and to selectively attend to one of the two
colliding cues to word boundaries in the high-interference con-
dition. Successful learning could be accomplished by inhibiting
irrelevant information in memory (previous transitional proba-
bilities) and in the auditory stream (one of the two colliding cues
to word boundaries).
The overall pattern of learning in the high-interference con-
dition suggests that participants with strong inhibitory control
suppressed the statistical information and relied on pause lengths
between letters to segment words. One possibility is that pause
lengths were a more salient cue than the transitional probabilities,
making them easier to learn. However, if the pause boundaries
in the auditory stream had been much more salient than the sta-
tistical boundaries, we might have expected all groups to pick
up on this cue and learn the pause-deﬁned words. In a previ-
ous study using colliding statistical and pause-based cues to word
segmentation, when the pause cue was made more salient (by
manipulating its length), participants overwhelmingly were able
tolearnthepause-deﬁnedwords(Weissetal.,2010).Inourcollid-
ing cue condition we saw evidence of learning only in the strong
inhibitory control group, which suggests that the pause cues were
learnable,butthatthestatisticalcueswerecloseenoughinsaliency
to interfere with learning in the weak inhibitory control group.
The tendency of the strong inhibitory control group to segment
words according to the pauses may reﬂect a strategy that mini-
mized sources of interference. Recall that in the high-interference
condition, pauses conﬂicted with transitional probabilities, while
the transitional probabilities conﬂicted with both the pauses and
the transitional probabilities from the low-interference condition.
Thepausesthusdirectlycompetedwithonlyonesource,whilethe
statisticalboundariesdirectlycompetedwithtwosources.Thepar-
ticipantswithstronginhibitorycontrolmayhavebeensensitiveto
thisdifferenceandappliedinhibitioninawaythatmaximizedcue
salience, by suppressing all statistical cues and engaging learning
of the pauses between words.
To summarize,our ﬁndings suggest that experience with a sec-
ond language helped learners identify novel words by attending
to statistical regularities in the signal, whereas inhibitory control
helped learners identify novel words by suppressing conﬂicting
language knowledge and focusing attention on the meaningful
aspects of a novel language. To date, there has often been con-
siderable attention paid to how bilingual experience may impact
executive functioning or its subcomponents, including response
suppression,inhibitory control,task switching,and task monitor-
ing (Bialystok and Martin, 2004; Bialystok et al., 2004; Bialystok
et al., 2008; Carlson and Meltzoff, 2008; Costa et al., 2008, 2009;
Hernándezetal.,2010;PriorandMacWhinney,2010;Soverietal.,
2010; Salvatierra and Rosselli, 2011; Tao et al., 2011). While bilin-
gual advantages are typically more robust in young children or
older adults (see Hilchey and Klein, 2011), they can be observed
in young adults, particularly on tasks that require context moni-
toring(Costaetal.,2008,2009;PriorandMacWhinney,2010;Tao
etal.,2011).Thelinkbetweenbilingualismandexecutivefunction-
ing is thought to stem from bilinguals’ need to control language
access. Both of a bilingual’s languages remain active when only
one is present in the immediate linguistic context, requiring the
bilingual to monitor the language in use, selectively attend to the
target language, and inhibit the non-target language. Constant
training of the executive functions recruited to direct attention
during language processing may improve executive functioning
in other domains. However, in young adults, inhibitory control
ability appears to be inﬂuenced by other factors besides bilin-
gualism as well (Bialystok et al., 2005; Bialystok, 2006; Prior and
MacWhinney, 2010; Blumenfeld and Marian, 2011; Hilchey and
Klein, 2011). In the present study, we were able to examine the
differential effects of bilingual experience and inhibitory control
on learning to segment words in two Morse code languages that
differed in the strength of conﬂicting information. By examin-
ing acquisition of word forms in these different learning contexts,
we have shown that linguistic and cognitive characteristics of the
learner can affect success at an early stage of language learning,
speciﬁcally, during word form acquisition.
One potential limitation of the current study is that the Morse
code languages that participants learned were composed of pure
tones that do not closely resemble natural speech. The choice
to use pure-tone stimuli was made in order to limit transfer of
prior knowledge during learning. Bilinguals have been shown to
readily transfer words and grammatical structures from languages
they already know when it can facilitate learning (Cenoz, 1997;
Murphy, 2003), and using Morse code stimuli avoided confound-
ing bilingual experience with increased transfer of prior language
knowledge. By using word forms based on Morse code, we were
able to control participants’ prior experience with the target lan-
guage, and since language backgrounds were unlikely to confer
a beneﬁt, we were able to speciﬁcally target the effects of bilin-
gual experience and inhibitory control on sequence learning. It
is important that future research extends the ﬁndings from the
current study to natural language learning, as there is reason to
believe that the processes involved in learning the Morse code
words and in natural language acquisition overlap. The ability to
extract information from a continuous stream through statistical
learningmechanismsappearstobeadomain-generalskill,andhas
been shown to affect sequence learning of musical tones (Saffran
etal.,1999),visualshapes(Kirkhametal.,2002),andtactilestimuli
(Conway and Christiansen,2005),as well as that of non-word syl-
lables (Saffran et al.,1996; Ludden and Gupta,2000; Theissen and
Saffran,2003;NewportandAslin,2004;KovácsandMehler,2009).
In addition, sequence learning skill has been shown to correlate
positively with second language learning success in a classroom
setting (Ettlinger et al., 2011), suggesting that word segmentation
ability can contribute to natural language learning.
It is likely that previous bilingual experience and inhibitory
controlabilityworksimultaneouslytopromotelearning,buttheir
relativeinﬂuencesmaydependontherelationshipbetweenknown
languages and the target language. For example,bilingualism may
be a more important factor in learning word forms when the
target language contains novel, non-overlapping features, such
as the distinct writing systems between English and Chinese.
Inhibitory control may be more important in promoting learn-
ing when the two languages conﬂict, such as the shared Roman
alphabet but contrasting letter to phoneme mappings between
English and French. As each case of novel language learning con-
tainsnon-overlappingandconﬂictingcomponents,bothbilingual
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experienceandinhibitorycontrolarelikelytobecontributingfac-
torstoearlyacquisitionof novelwordforms,thoughtheirspeciﬁc
inﬂuenceswilldependonthecharacteristicsof thenovellanguage
and already known languages.
In conclusion, the present study extends previous research on
the role of linguistic experience and inhibitory control in later
stages of language learning to early stages of language acquisi-
tion. While previous work has shown that linguistic experience
and inhibitory control impact acquisition of and access to form-
meaning mappings (Cenoz andValencia,1994; Sanz,2000; Cenoz,
2003; Keshavarz and Astaneh, 2004; Kaushanskaya and Marian,
2009a,b; Bartolotti and Marian, 2010), we propose that linguistic
experienceandinhibitorycontrolalsoinﬂuenceinitialacquisition
of word form. Moreover, our results suggest that linguistic experi-
ence and inhibitory control may affect learning in different ways,
depending on the relationship between the language to be learned
and prior linguistic knowledge. The current study suggests that
internal factors such as linguistic experience and cognitive ability
caninteractwithexternalfactorssuchasanewlanguage’sstructure
and its conﬂict with known languages to inﬂuence early compo-
nents of language learning. Future work will need to examine
how these interactions inﬂuence later stages of language learning.
Investigating how internal and external factors interact within the
learning process is essential for understanding ultimate language
attainment.
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APPENDIX
TableA1 | First and second language knowledge by group.
All participants (N) Low bilingual experience (N) High bilingual experience (N) Weak IC (N) Strong IC (N)
L1 L2 L1 L2 L1 L2 L1 L2 L1 L2
English 20 2 10 1 10 1 10 1 10 1
Spanish – 7 – 3 – 4 – 4 – 3
Chinese 1 4 1 1 – 3 1 2 – 2
Korean 1 1 – – 1 1 – – 1 1
French – 1 – 1 – – – 1 – –
Gujarati – 1 – – – 1 – – – 1
Tamil – 1 – – – 1 – 1 – –
IC, inhibitory Control; L1, ﬁrst language; L2, second language.
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